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Abstract
Non-volatile memory devices have been limited to flash architectures that are com-
plex devices. Here, we present a unique photomemory effect in MoS2 transistors. The
photomemory is based on a photodoping effect - a controlled way of manipulating the
density of free charges in monolayer MoS2 using a combination of laser exposure and
gate voltage application. The photodoping promotes changes on the conductance of
MoS2 leading to photomemory states with high memory on/off ratio. Such memory
states are non-volatile with an expectation of retaining up to 50% of the information
for tens of years. Furthermore, we show that the photodoping is gate-tunable, enabling
control of the recorded memory states. Finally, we propose a model to explain the
photodoping, and we provide experimental evidence supporting such a phenomenon.
In summary, our work includes the MoS2 phototransistors in the non-volatile mem-
ory devices and expands the possibilities of memory application beyond conventional
memory architectures.
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Introduction
Due to the ultra-thin nature and tunable electrostatic properties of two-dimensional (2D)
materials, they have strategical importance for digital electronics and memory applications.
The required features (figures of merit) for actual memory devices include the miniaturisa-
tion capability, the power consumption (high memory on/off ratio), the operation speed, the
memory retention time and the cost. Innately, the 2D materials based devices show advan-
tages for miniaturization, however to date there are no reported simple memory devices that
cover most of the required features, notably the memory retention time [1–17]. Monolayer
MoS2 is a direct band gap 2D semiconductor material [18, 19] that shows high photocurrent
response [20–25], high photoluminescence emission [26, 27] and interesting valleytronic prop-
erties [28–31]. Thus, MoS2 based flash memory devices with high memory on/off ratio and
long memory retention time have emerged. However, the implementation of flash devices
is challenging because they require engineering with many elements into complex architec-
tures. More recently, floating-gate tunneling devices using simpler architechtures than flash
devices have been proposed but they lack ultrahigh time-stability [15–17]. Therefore, the
development of alternative, high-performance, simpler memory architectures is strategical.
Toward this direction, some reports have investigated a thermally assisted memory effect
[6] and an optical memory effect [5] in a MoS2 field effect transistor (FET) that is also a
simpler architecture than flash devices. Nonetheless, in the first case, the memory effect has
a drawback of not operating at room temperature and both cases [5, 6] showed low memory
on/off ratio and short memory retention time.
Here we show that we can obtain a non-volatile photomemory effect with high on/off
ratio in a MoS2 FET architecture. Such photomemory effect is based on a photodoping
process that changes the MoS2 conductance in a way that promotes two distinguishable
binary photomemory states with on/off ratio up to 106. The photogenerated memory states
are persistent and predicted to retain up to 50% of its information for decades, that leads to
a non-volatile photomemory. Moreover, it is important to mention that the presented pho-
tomemory is gate-tunable. The gate voltage is used to both adjust the memory on/off ratio
(with the laser off) and to manipulate the recorded photomemory states during the laser
exposure. Finally, we explore and discuss a possible physical mechanism of the photodop-
ing that is also supported by our experimental evidence. In summary, we propose a pho-
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tomemory effect in MoS2 FETs that expands the possibilities of memory application beyond
conventional memory architectures.
Results and Discussion
The photomemory effect investigated in this work is due to the modulation of the conduc-
tance of a monolayer MoS2 field effect transistor via a simultaneous application of light and
electrostatic gate potential. Along this paper, we show evidence that the main mechanisms
for the photomemory relies on the manipulation of a charging effect at the gate-insulator
interface of the FET (the interface between the insulator and the material of the gate ter-
minal). Although other mechanisms can have some influence on the photomemory, we show
that our model explains well our results. Our FET is a Van der Waals heterostructure con-
sisting of a monolayer MoS2 supported by a high-quality hexagonal Boron Nitride crystal
(BN), see Fig. 1(a). In this case, we use a graphite crystal to provide a flat back gate
electrode. In Fig. 1(b) we present an atomic force spectroscopy (AFM) phase image of one
of the devices measured in this work. While, in the Supplementary Information we depict
the characterization for the second device.
We start by presenting the process of photocurrent generation in the MoS2 FET. Fig. 1(c)
shows a typical time-resolved photocurrent measurement of our device. Initially we measure
the standard current (ISD) in dark conditions, then we illuminate the device using the laser
(λ = 488 nm) for 20 s and VBG = −5 V. We use the same laser with λ = 488 nm for all the
optoelectronic measurements that we present in this text. A careful analysis of the current
as a function of time reveals that there are two optical processes generating the photocurrent
in the MoS2 channel. First, we observe a rapid increase of ISD due to excitation of electron-
hole pairs (see vertical black arrow), then a second and slow process that dominates the
photocurrent. We observe the same trend when the laser is turned off. There is a rapid
collapse of ISD, due to the recombination of electron-hole pairs, then a prolonged decay
process that leads to a persistent photocurrent (PPC). The photodoping effect causes the
PPC. We will discuss this process later. For now, we will define the photomemory states
“ON” and “OFF”. In Fig. 1(c) we ascribe the PPC as the “ON” state, while the current
before the laser exposure is the “OFF” state, which are binary photomemory states.
The photomemory effect is better observed in Fig. 1(d), where we show the transfer
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FIG. 1. Photodoping and non-volatile photomemory. (a), sketch of the MoS2 FET. (b),
AFM phase image of the device. (c), time resolved photocurrent, laser exposure at 488 nm with
fluence of 60 µW/µm2. The parameters are VBG = −5 V and VSD = 0.1 V. (d), The ISD vs VBG
measurements on a log scale before (blue) and after (red) the laser exposure, VSD = 0.1 V. In the
inset, the same measurements but on a linear scale. The red curve is measured after the 488 nm
laser exposure with fluence of 700 µW/µm2 and VBG = −5 V until photocurrent saturation. (e),
ION/IOFF ratio as a function of the gate voltage. (f), photocurrent decay after the photodoping
induced by the 488 nm laser with fluence of 700 µW/µm2 until photocurrent saturation. The
parameters VBG = 0 V and VSD = 0.1 V are used for this measurement.
curves, ISD vs back gate voltage (VBG) curves, on a log scale. In the inset, we plot the the
same curves, but on a linear scale. In blue, we plot a transfer curve before the laser exposure.
By extrapolating the ISD curve we estimate the threshold voltage (Vth) as V 0th = −2.2 V, see
the inset in Fig. 1(d). After this, the MoS2 device is exposed to the laser beam with
VBG = −5 V until the photocurrent saturates. The reason for waiting the photocurrent
saturation is to reach the best response of our device. Then, we turn the laser off and repeat
the transfer curve measurement. The data from the transfer curve after the laser exposure
(red curve in Fig. 1(d)) displays a significant increase of ISD at all applied gate conditions.
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It is important to note that there is a shift of Vth towards VBG out of the range of the
experiment. This shift is a signature of a photodoping effect. It means that the density of
free charges of MoS2 has changed after the laser exposure. We estimate by extrapolating
the data that the initial V 0th = −2.2 V shifts to V Lth = −9.8 V, see the inset in Fig. 1(d).
Also, the expected change in the density of charge of the MoS2 due to photodoping is
∆nph = 6× 1012 cm−2. Which is evaluated using the equation:
∆nph =
ε0εox
e d
(V Lth − V0th) (1)
where εox and d are the dielectric constant of the insulator and its thickness, respectively.
Note that such extra doping is obtained simply by the combination of the laser exposure
and the applied gate bias.
We now describe the methods used here to define the photomemory states, that can also
be used to perform the “read” operations. We consider as an “OFF” state the measured ISD
before the laser exposure for a given VBG (no information is recorded in the photomemory),
see the blue curve in Fig. 1(d). Similarly, the measured ISD after the laser exposure for the
same VBG is considered as an “ON” state, see the red curve Fig. 1(d). Another method to
determine, or to “read”, the photomemory states is by measuring ∆nph before and after the
laser exposure. We reinforce that we perform the “read” operations with the laser off. We
will discuss the “record” operations later, which are the procedures that “write” and “erase”
the memory states. Because ISD is a function of VBG, by measuring ISD instead of ∆nph
we have the advantage to use the gate voltage (with the laser off) to optimise the gain of
the photomemory [1, 32]. We elucidate this fact in Fig. 1(e), where we plot the ION/IOFF
ratio (memory on/off ratio) as function of VBG. The ION/IOFF ratio changes from 10, for
positive gate voltages, to values up to 106, for negative gate voltages. Observe that the high
modulation of the memory on/off ratio with gate voltage is an attribute of the photomemory
effect. It must be noted that to reach the photocurrent saturation we do exposures of 30 min,
for example in Fig. 1(d). However, we can also obtain a high memory on/off ratio of 104
with a short exposure time (20 s), see Fig. S14.
Another crucial figure of merit of a memory device is the memory retention time. To
assess that, we measure the MoS2 photocurrent decay over time, applying VSD = 0.1 V and
VBG = 0 V, see the blue dots in Fig. 1(f). We measure the decay after the photocurrent
saturation by the laser exposure. After 15 h the photocurrent barely decreases, suggesting
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that the photomemory state is permanent. So, the photomemory is a non-volatile memory.
To estimate the memory loss over ten years, we employ an exponential decay fit, the red
line in Fig. 1(f). From the fitting, we predict that the reminiscent memory current for the
photomemory device is approximately 50% of the initial photocurrent. Thus, the devices
can retain 50% of the memory for ten years. These values are much better than the ones
for the MoS2 flash memory architectures, where the retention percentage is in the range of
15-30% [1–4].
We can now describe in more details the photomemory device, which is composed mainly
of two elements in the FET architecture. One element is the gate-insulator interface, where
possibly the charges are trapped inducing the photodoping. The other element is the semi-
conductor channel, from which we “read” the photomemory states. In this way, we can
design better photomemory devices by choosing other gate-insulator interfaces that can
provide higher values of photodoping and retention time. Furthermore, the choices of semi-
conductors with better mobility and subthreshold swing would enable to achieve higher
on/off ratio values.
The photomemory achieved on a FET architecture has the advantage that we can im-
prove some features by choosing the adequate gate voltages. One example is the high
memory on/off ratio already discussed. Another important feature is that we can select
distinguishable photomemory states for the same laser exposure due to the photodoping
dependence on the gate voltage. In this way, the gate voltage is used both to “read” and
to “record” the photomemory states. Here, we define of “record” operation the procedure
of doing in our devices laser exposures concomitantly with the gate voltage application. In
Fig. 2 we show results that highlight the “recording” of the photomemory states. Fig. 2(a)
reveals the changes in the density of free charges due to the photodoping effect by exhibiting
multiple transfer curves at different photomemory states. The blue curve represents the
“OFF” state before any laser exposure. After the “OFF” state is measured, by evaluating a
transfer curve of the device, we “record” a photomemory state by applying VBG = −2 V and
by exposing the photomemory device to the laser for 20 s. After this “record” operation, we
measure a new transfer curve with the laser off (black curve in Fig. 2(a)) and from the data
of Fig. 2(a) we observe that the MoS2 sheet acquires a new density of charge after the laser
exposure. We evaluate the new density of free charges from the equation 1 as a function of
the new Vth. To visualise how the transfer curve changes at every “record” operation, the
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process described above is repeated applying gate voltages during the “record” operations
up to VBG = −5 V in steps of −1 V, as shown in Fig. 2(a). It is interesting to note that
for each “record” operation with different VBG there is a distinct transfer curve and thus
a particular photomemory state. Then, we can choose several “ON” states with distinct
electrical conductivity.
(b)
Erase
0
1
0
1
Write
-5 0 5
10
16
22
VBG (V)
Δn
ph
 ×
 1
01
1  
(c
m
-2
)
Δn
ph
 ×
 1
01
1  
(c
m
-2
)
20 100 180
20
24
28
Time (s)
WE WE WE WE WE E
(d)(c)
Time (s)
I S
D
 (
A
)
0 4 8 12
off
10-10
10-9
10-8
10-7
'0'
'1'_
5
'2'_
5
'3'_
5
'4'_
5
'1'
off on
VSD
off on off on off on off on off on off
Before Laser
VBG
-5 V0 V
(a)
FIG. 2. Gate-tunable photomemory. (a), ISD vs VBG curves before laser exposure, blue curve,
and after laser exposures with VBG values defined in the color bar. (b), ∆nph vs VBG curve. First
the point VBG = 0 V is measured and then the arrows indicates the followed applied gate voltages
during the laser exposures. For figures (a)-(b) there is a 488 nm laser exposure on each point
for 20 s (at laser fluence of 60 µW/µm2). (c), multilevel photomemory, gate values from 0 V to
−5 V are used for the “writings” and 20 s of laser exposure at fluence of 700 µW/µm2. For the
“readings” a gate value of −4 V and bias pulses of 0.1 V are applied. (d), “write”-“erase” operations,
for VBG = −5 V and VBG = 5 V, respectively, and 20 s of laser exposure (fluence of 700 µW/µm2).
Fig. 2(b) exposes the change of the density of free charges acquired for the MoS2 after
every photomemory “record” operation as compared to the intrinsic density of charge of
the photomemory (equation 1). Here we use the same “record” operation described in Fig.
2(a), but we achieve the initially recorded state by applying a VBG = 0 V during the 20 s
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of laser exposure. We name this recorded state as “0” state. We “record” the other pho-
tomemory states in the arrows indicated sequence by changing the gate voltages in a range
of −5 V ≤ VBG ≤ 5 V. The negative gate voltages are used during the “record” operations to
monotonically increase the density of charge to set a “1” state and the positive gate voltages
are used during the “record” operations to reduce the density of charge and to restore the
initial “0” state. We name the process of charge injection in the MoS2 as a “write” operation
(red arrow). We perform the “write” operation by exposing the device to the laser with an
applied negative gate voltage. We denominate the process of removing the charges as an
“erase” operation (blue arrow). The gate-“erase” operation is performed right after writing
the “1” state, but doing “record” operations with gate voltages larger than VBG = −5 V.
For example, in fig. 2(b) the “erase” operations are executed with several laser exposures
applying VBG = −4 V,−3 V ... 5 V. Also, note that the “erase” operation cannot cancel the
photodoping completely, so we still have a reminiscent photodoping of ∆nph = 10× 1011
after the “erase” operation, see Fig. 2(b).
Fig. 2(b) also shows that the laser “record” operations with different gate voltages gener-
ate distinct ∆nph values, which correspond to distinct photomemory states. This dependence
of the photomemory states on the VBG used during the “record” operations shows that we
can use the photomemory for multilevel “ON” memory states operation. However, we must
point out that it is not the aim of this work to explore multilevel memory operation. We only
elucidate that the gate-tunability property of photomemory can allow this type of operation.
Fig. 2(c) demonstrate how this is possible employing current readings. In Fig. 2(c), the
dashed black line represents the “OFF” state, which is measured by applying VSD = 0.1 V
and VBG = −4 V before any laser exposure. We “record” “ON” states applying laser expo-
sures using different VBG at each “record” operation. More precisely, we use VBG from 0 V
to −5 V, with increments of −1 V, and do laser exposures for 20 s, “recording” multilevel
states which we denote by “0”, “ 1
5
”, “ 2
5
” ... “1”. After each “record” operation, we “read” the
photomemory state by measuring the current through the device at the same electrostatic
condition used when we “read” the “OFF” state. The difference here is that we use pulses of
VSD = 0.1 V for 2 s spaced by 2 s to show that the information is stored in the photomem-
ory even when no VSD is applied. Note that the “OFF” state is shown only for reference
and the ratio between ON/OFF states previously discussed does not apply for multilevel
operations. However, the gain between such multilevel states can be maximised tuning the
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gate-potential, but in our presented data it is of the order of ten.
Although multilevel memory states are interesting, here they are explored only to demon-
strate the usefulness of the gate-tunability property of the photomemory. However, for prac-
tical memory operations, it is straightforward to explore the reliability in the “write”-“erase”
operations between the binary memory states. In this case, we generate the binary “1” and
“0” states by applying VBG = −5 V and VBG = 5 V, respectively, during the laser exposures
of 20 s. We show the reproducibility and reliability of the “write”-“erase” operations of the
binary memory states in Fig. 2(d), that presents a sequence of successful “write”-“erase” cy-
cles. These results demonstrate the device robustness. In Fig. 2(d), it is also represented the
error bars in each “record” operation. The error bars show that the “write”-“erase” operations
generate distinguishable photomemory states.
It is worth mentioning that the variation of the photodoping between the “1” and the “0”
states in Fig. 2(b) is ∆nph ∼ 1012 cm−2, which is evaluated by ∆nph = ε0εoxe d (V “1”th − V“0”th ),
where V “1”th and V “0”th are the threshold voltage of the device in the “1” and in the “0” states,
respectively. Recall that to obtain this modulation of the photodoping we do laser exposures
of 20 s together with gate voltage applications. The generated photodoping with a 20 s laser
exposure is an order of magnitude lower than the maximum photodoping (∆nph ∼ 1013 cm−2)
obtained in this work, see Fig. 1(d), where the photodoping is maximized by waiting for
the saturation of the photocurrent after 30 min laser exposure. Such high photodoping
modulation give an ultra-high memory on/off ratio of 106 in Fig. 1(e). However, we can
still obtain a high memory on/off ratio of 104 by using laser exposures of 20 s, see Fig. S14.
Finally, we discuss the process of photodoping that possibly generates the PPC and the
photomemory effect in our MoS2 FETs. It is important to mention that the PPC is not
a consensus topic. The most discussed explanations for the PPC in MoS2 is either due to
the photo-induced charge transfer from adsorbed gases to the MoS2 channel [33] or due to
the Coulomb interaction with defects at the insulator surface [20–22, 32, 34–37]. We believe
that the interactions with adsorbed gases are not a valid explanation in our devices as there
is no hysteresis in the σ vs VBG curves when we sweep the voltage in opposite directions
[38](see Fig. S7). We believe that the interactions with defects at the insulator surface are
not the dominant mechanism, as the devices have a low density of defects when compared
with the photodoping observed in our work (1013 cm−2). Furthermore, the fact that we
measure the photodoping in a clean and flat BN substrate [39] reinforces this statement.
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FIG. 3. Physical model for the photodoping. (a), energy band diagram for the
MoS2/BN/graphite junction as a function of position for VBG< 0 V. (b), photogenerated leak-
age current, VBG= −5 V, λ = 488 nm and fluence of 60 µW/µm2. (c), energy band diagram for the
MoS2/BN/graphite junction as a function of position for VBG> 0 V. (d), photogenerated leakage
current, VBG= 5 V, λ = 488 nm and fluence of 60 µW/µm2.
Consider that we use a ∼ 30 nm thick BN, which prevents tunneling as a charge-trapping
mechanim like occurs in the reference [15–17]. It should be also mentioned that to prepare
our Van der Waals heteroestructures we use the same wet-transfer method of the reference
[39], which leaves some bubbles and wrinkles between the BN and the graphite flakes, see
Fig. S1 and Fig. S2. However, in spite of these issues, the BN is clean and atomically flat
in the majority of the surface of the devices. Recall that we do not study the influence of
these imperfections between the layers in the photodoping effect, but we do not discard that
they can play a role.
Thus, we shall attribute a different process to the photodoping in our MoS2 FET, which
we propose to be a photogeneration of trapped holes in the gate-insulator interface. We
clarify this mechanism by drawing the energy band diagram of the MoS2 FET. Fig. 3(a)
10
shows a band diagram of the MoS2 FET with VBG < 0 V applied to the graphite relative to
the MoS2. Here χMoS2 is the MoS2 electron affinity, χBN is the BN electron affinity and ΦM is
the graphite work function. We also show in the gate-insulator junction the bending of the
graphite band, that generates a built-in electric field. For VBG < 0 V, photons with sufficient
energy (EL > ΦM − χBN) promote the electrons from the gate-insulator interface to the
conduction band of BN. The applied negative gate voltage drives these photoexcited electrons
through the conduction band of BN to the MoS2 channel, but some holes generated during
the photoabsorption process remain trapped at the gate-insulator interface by the electric
field of the gate-insulator junction. The positively charged layer generates photodoping in
the MoS2 channel, see Fig. 3(a). According to this energy diagram description, we predict
that we should observe a photo-generated leakage current under laser exposure between the
drain and gate electrodes. This fact is verified in our experiments, as depicted in Fig. 3(b)
that exhibits a 10−8 A leakage current during the laser exposure.
For VBG > 0 V, the MoS2 channel is n-doped, so when we turn the laser on, the electrons
from MoS2 are photoexcited to the conduction band of BN, see Fig. 3(c). In this case, the
gate-field drives these electrons through the conduction band of BN to the gate-insulator
junction, recombining with some of the trapped holes, reducing the photodoping. We do not
achieve the photodoping reduction process totally, because the built-in electric field of the
gate-insulator junction prevents some of the electrons to recombine. Fig. 3(d) shows that for
VBG > 0 V we can also observe a photo-generated leakage current during the laser exposure.
Note that for VBG > 0 V the photo-generated leakage current is lower than for VBG < 0 V.
We can associate this fact to the density of states of MoS2, which is smaller than the graphite
flake. It is also important to mention that this asymmetry in the photo-generated leakage
current imposes a faster “write” operation relative to the “erase” operation, see Fig. S10.
The proposed model in Fig. 3 explains the results of Fig. 2(b), which shows that the
applied negative gate bias increase the photodoping, whether positive gate bias reduce the
photodoping. Moreover, the threshold energy for photodoping generation (Eth = ΦM−χBN)
in Fig. 3 matches our experimental results. Indeed, a crystal of BN possess a band gap
(EBNg ) of 5.2-5.9 eV and electron affinity (χBN) of 2.0-2.3 eV [1]. Whereas graphite has a
work function (ΦG) of 4.3-4.6 eV [40–42]. Therefore, the difference between ΦG and χBN
is around 2.2 eV, so only photons with energy larger than 2.2 eV are predicted to promote
photoexcitation, see Fig. 3(a). Therefore, we have done measurements with a laser energy
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of 1.6 eV and measured an almost negligible photodoping of ∆nph ∼ 1010 cm−2 (see Fig.
S11). In contrast, for the laser energy of 2.5 eV we have observed a high photodoping of
∆nph ∼ 1012 cm−2 (see Fig. S13). The small, but not null, photodoping with the 1.6 eV laser
may be due to other minor effects that may also occur, as the excitation of defects from the
MoS2 channel [43]. However, mostly the gate-insulator interface contains the physics of the
photodoping, therefore studying other materials may enable photomemory improvements.
Conclusion
In conclusion, we have demonstrated that it is possible to obtain a non-volatile pho-
tomemory effect with high on/off ratio in a FET architecture. We showed that high values
of doping are achieved via laser exposure that generates the binary photomemory states with
high on/off ratio. We have shown that the photomemory described presents long memory
retention time and thus the photomemory states are non-volatile. We have also verified
that the photomemory states can be controlled and adjusted by the applied gate voltage,
that could also be used to improve the memory on/off ratio. Finally, we have proposed a
phenomenological model that agrees well with the experimental observations and clarifies a
possible nature of the photodoping effect in MoS2 FETs. Our results widen the possibilities
of memory applications using 2D materials.
METHODS
Device Fabrication. The devices are obtained by transfer [39] of BN crystals (∼ 30 nm
thick) to graphite crystals (∼ 20 nm thick). Metal leads were patterned by electron-beam
lithography and subsequent deposition of metals (Cr 1 nm/ Au 50 nm). Monolayer MoS2
flakes were transferred to this structure by dry viscoelastic stamping technique [44]. For
more details see Supplementary Information.
Optoelectronic Measurements. To provide a source-drain bias the external DC source
of a standard lock-in amplifier (SR830) was used. While to provide a gate bias the DC
source of the lock-in amplifier or a Keithley 2400 were used. The current of the devices
was collected by a pre-amplifier and then measured by a multimeter (Keithley 2000). To
generate the photocurrent in the MoS2 FET a 488 nm laser beam was focused in the devices
12
by a 50× objective lens (∼ 1µm spotsize).
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